SYNOPSIS. Biologically-based dose-response (BBDR) paradigms incorporate mechanistic toxicological data in the derivation of quantitative models to estimate risk. Developmental lead (Pb) exposure has been long associated with deficits in intellectual ability. To date, direct estimates of toxicant-induced functional alterations in brain that may underlie cognition have been lacking, obviating the utilization of quantitative modeling for toxicological endpoints of higher brain function. The utility of the long-term potentiation (LTP) model of synaptic plasticity in the context of Pb-induced cognitive deficits is explored in the present paper. In reviewing physiological and biochemical requirements of LTP that may overlap with cellular mechanisms of Pb toxicity, a neurobiological schema is constructed upon which we can begin to explore the possibility of applying BBDR models in neurotoxicology.
Neurotoxicity represents the culmination of a sequence of pharmacokinetic, biochemical, and physiological events in the nervous system that follow the exposure to xenobiotics. Dose-response assessments are used to estimate the expected incidence of a given toxic response for various exposure levels. One of the goals of mechanisticallybased neurotoxicological research is the identification of the critical biological events that intervene between exposure of an organism to a xenobiotic and the resultant nervous system impairment. Integration of mechanistic toxicological studies with quantitative modeling, the strategy of biologically-based-dose-response (BBDR) modeling, is likely to improve the health risk assessment process (Andersen et al., 1992) . BBDR modeling has been characterized as the sequential linking of three types of quantitative models: disposition, target tissue/toxicant interaction, and tissue response (Fig. 1) . Each type of model is independent, focussing on one of the three distinct segments along the exposure-dose-1 From the Symposium Behavioral Toxicology: Mechanisms and Outcomes presented at the Annual Meeting of the Society for Integrative and Comparative Biology, 27-30 December 1995, Washington, DC. response continuum (Andersen et al., 1992) .
The challenge of BBDR modeling in neurotoxicology
Behavioral changes may be the first indication of impaired nervous system function. Toxic substances that affect higher nervous system functions such as learning, memory, and affect most often are detected in the absence of knowledge of the underlying physiological or biological mechanism. Associating any toxicant-induced brain change to a psychological construct as intangible as "cognition" or "affect" adds an additional layer of complexity to any attempt to construct a predictive model in neurotoxicology. As such, invoking a BBDR paradigm to examine environmental pollutant effects on cognitive function presents a daunting task. We can begin to provide the basis for a BBDR, however, by defining some of the biological events that culminate in the behavioral toxic response and constructing a neurobiological framework within which they operate.
Development of a neurobiological schema
Mechanistic studies are designed to focus on the biological response at a given level of organization. An understanding of the causal links between different levels of organization provides a means whereby the interrelationships across the levels of analyses can be defined. Construction of such a neurobiological model provides the basis for, and therefore must precede, assembly of a quantitative BBDR model. In attempts to build a schema, we focused on impaired cognitive function that follows developmental lead (Pb) exposure. Pb was chosen as a prototypic neurotoxicant as its deleterious effects on intellectual function in humans (Bellinger et al., 1991; Needleman and Gatsonis, 1990; Riess and Needleman, 1992) and in animal learning models (Rice and Gilbert, 1990; Cohn et al., 1993; CorySlechta, 1995; Rice, 1993) are well documented. Additionally, many actions of Pb at the cellular level have been established (e.g., Atchison and Narahashi, 1984; Evans et al., 1991; Ujihara and Albuquerque, 1992) . We examined an electrophysiological model of memory, long-term potentiation (LTP), in Pb-exposed animals in an attempt to bridge behavioral observations of impaired cognitive ability associated with Pb exposure and more reductionist analyses of Pb actions on nervous system function.
Figure 2 summarizes four major actions of Pb at the molecular, cellular, and systems level that may culminate to impact upon cognitive behavior of an organism. The shaded areas represent biological assays that can be or have been performed in vivo. The strategy is to bridge the gap between behavioral studies and the more mechanistic toxicological investigations that have traditionally been performed in vitro with acute exposure to Pb (unshaded boxes). LTP occupies a pivotal position between in vivo behavioral measures of cognitive function and in vitro mechanistic inquiry, and in this scheme, represents the brain-based event that manifests as a decrement in cognitive function. The utility of LTP in this context lies in its strength as a model mechanism for information storage, its well defined biochemical and molecular substrates, and our ability to study it in both in vivo and in vitro preparations. In vivo testing provides a link between the physiological change in brain function and cognitive deficits induced by Pb exposure in the intact animal. The in vitro testing provides an interface with an existing literature base where acute exposure of isolated tissue preparation or cells in culture has elucidated LTP is a model of synaptic plasticity believed to represent the physiological, cellular, and molecular alterations in cell communication that underlie memory. The use of LTP as a memory model rests on the assertion that memory involves augmentations in the strength of synaptic transmission at critical synapses (Hebb, 1949) . Postsynaptic depolarization in conjunction with presynaptic activity is required for this increase in synaptic strength. The LTP phenomenon displays a number of features that are compliant with network theories of information storage (see review by Barnes, 1995) . 1) The changes are long lasting. In hippocampus, increases in synaptic strength (the memory trace or the engram) following high frequency stimulation (the learning experience) are recorded for hours (long-term memory) using in vitro preparations and in anesthetized animals in vivo, and days to weeks in the unanesthetized preparation. 2) LTP is saturable, exhibiting a ceiling level of potentiation beyond which further repetitive stimulation fails to lead to further increase in synaptic strength. This indicates that there is a limited capacity to the memory storage device. 3) LTP is pathway specific such that only the activated pathway is potentiated. A change that is not localized to the synapses that are active would be too nonspecific to be useful as a memory model. 4) An intensity threshold exists and a minimum period of stimulation must be achieved before LTP is induced. Weak tetani activating few fibers for relatively short periods of time do not trigger LTP.
Mechanisms of LTP
Many excellent reviews of the underlying biochemical and physiological mechanisms of LTP exist (see Collingridge and Bliss, 1987; Malenka et al., 1989; Massicotte and Baudry, 1991; Collingridge, 1992; Bliss and Collingridge, 1993; Colley and Routtenberg, 1993; McNaughton, 1993) , so only a cursory overview will be given here. LTP is comprised of three distinct phases, induction, expression, and maintenance, each displaying a different time course and relying upon different cellular mechanisms. The hippocampus, where LTP has been extensively studied, has long been known to subserve memory function in humans and other animals (Squire, 1992) . LTP in the hippocampus displays the largest and most enduring increases of any brain region studied, and a number of manipulations which impair memory in the intact animal also disrupt LTP (see Barnes, 1995) .
A large body of evidence indicates that LTP induction in hippocampal granule cells and CA1 pyramidal cells is a Ca +2 -dependent process requiring postsynaptic depolarization sufficient to recruit the N-methyl-D-aspartate (NMDA) subtype of glutamate receptors. Activation of these receptors initiates Ca +2 influx into the postsynaptic cell through receptor-activated voltage-dependent channels. Phosphorylation of a number of Ca +2 -dependent kinases, most notably protein kinase C (PKC), is triggered by the combined activation of postsynaptic metabotropic receptor stimulation and the initial NMDA-mediated influx of Ca +2 . Enhanced synaptic efficacy, the expression of LTP, is mediated through an increased postsynaptic response initiated by PKC activation. This may be achieved through postsynaptic mechanisms such as a change in the number or properties of postsynaptic receptors, or presynaptically by an increase in transmitter release.
Activation of Ca +2 -dependent kinases also initiates the release of retrograde messengers (e.g., nitrous oxide, arachidonic acid) that promote presynaptic changes supporting the long-lasting increases in synaptic efficacy characteristic of LTP. A retrograde signal emanating from the postsynaptic cell travels to the presynaptic terminal of the active cell triggering mechanisms that enhance neurotransmitter release. Increased expression of immediate early genes has been observed with LTP and may initiate gene transcription and protein synthesis necessary for the structural changes that contribute to the longevity of LTP. Many of the components of the LTP process are summarized in Figure 3 .
ACTION OF PB IN BIOLOGICAL SYSTEMS
Reductions in the capacity of Pb-exposed animals to support LTP have recently been reported (Altmann et al., 1993; Lasley et al, 1993; Gilbert et ah, 1996) . Altmann et al. (1993) measured LTP in slices of hippocampus extracted from developmentally Pb-exposed animals. They reported Pb-induced reductions in the magnitude of LTP in the CA1 region of hippocampus. In our laboratory, LTP was assessed in the dentate gyrus of the hippocampus in the intact rat anesthetized with urethane . Pb-exposed animals required higher intensity currents to induce LTP than did controls. However if maximal train stimulation currents were administered, comparable levels of LTP magnitude were observed between the two groups. In another series of experiments, freely moving animals were chronically prepared with indwelling electrodes and LTP was monitored over several days. Similar reductions in the capacity to support LTP with low intensity train stimuli were observed, but levels of LTP comparable to those observed in controls were evident with high intensity trains (Gilbert et al., 1995) . The pattern of Pb-induced increase in LTP threshold and reduction in LTP magnitude in the awake animal were similar to those produced by administration of NMDA antagonists (Gilbert et al, 1995; Gilbert and Mack, 1990; Robinson and Reed, 1992) .
Four documented effects of Pb on biological systems overlap those integral to the LTP process, and thus form the structure for the development of a neurobiological schema for a tissue-response model of Pb and See text for further description. Additional Abbreviations: AMPA, 2-amino-3-hydroxy-5-methyl-isoxazole propionic acid; cGMP, cyclic guanosine monophosphate; G, GTP-binding protein; PLC, phosopholipase C; PIP 2 , phosphatidylinositol biphosphate; IP 3 , inositol triphosphate; DAG, diacylgylcerol; NO, nitric oxide. cognitive impairment. These include the actions of Pb to reduce neurotransmitter release, to alter NMDA-receptor-mediated activity, to disrupt development of the cholinergic system, and to interfere with the activation of critical protein kinases (see Molecular Interactions of Fig. 2 and Fig. 3 ).
Pb and transmitter release
In chemical synapses, the arrival of an action potential at the presynaptic nerve terminal causes the release of transmitter which diffuses across the synaptic cleft and interacts with receptors located on the postsynaptic membrane. It is well established that transmitter release evoked by an action potential is not a direct consequence of nerve terminal depolarization, but rather, depends on the voltage-gated movement of calcium ions from outside to inside the nerve terminal. Pb has been demonstrated to reduce transmitter release by its blockade of presynaptic voltage sensitive Ca +2 channels (VSCC) (Kober and Cooper, 1976; Atchison and Narahasi, 1984; Manalis et al., 1984; Suszkiw et al., 1984; Minnema etal, 1988; Minnema and Michaelson, 1986) . Recent demonstrations of Pb-induced reductions in Ca +2 current flow measured with patch clamp techniques in dorsal root ganglion cells and hippocampal neurons in culture is consistent with the blockade of VSCC (Evans et al, 1991; Busselberg et al, Ujihara et al, 1995) .
We have recently demonstrated reductions in glutamate release in the hippocampus of Pb-exposed rats using in vivo microdialysis . Compromised transmitter release in the intact animal might be anticipated to result in a reduced capacity for synaptic transmission. Field potential recording in the dentate gyrus of the anesthetized rat following presentation of a single eliciting stimulus, however, failed to reveal differences in response threshold or amplitude in control and Pb-treated rats Lasley and Gilbert, 1996) . Paired pulse facilitation is an electrophysiological phenomenon whereby short-lasting (msec) increases in the size of synaptic responses are evident when pairs of stimulus pulses are delivered at critical intervals (McNaughton, 1982; Zucker, 1989) . Facilitation of the second response of the pair is partially dependent upon calcium-mediated presynaptic mechanisms of transmitter release. Paired pulse facilitation was reduced in the hippocampus of the intact Pb-exposed animal , suggesting a reduction in transmitter release. These data indicate that the additional challenge of paired stimulation may be required to uncover the functional impact of low level Pb exposure on synaptic transmission. As LTP is induced not by pairs, but by trains of stimulus pulses, the cumulative effects of reduced glutamate release with the application of repetitive stimulation may impair the induction of LTP in Pb-exposed animals.
Pb and NMDA receptor function
Both ionotropic and metabotropic postsynaptic glutamate receptors contribute to synaptic transmission in hippocampal neurons. As described above, elevation in postsynaptic Ca +2 concentrations following activation of NMDA receptors is critical for the induction of LTP. Reductions in Ca +2 current flow induced by NMDA application have been detected with the addition of Pb +2 to cells in culture and other to in vitro preparations (Alkondon et al., 1990; Uteshev et al, 1993; Busselberg et al, 1994a; Ujihara et al, 1995) . It has been proposed that Pb +2 binds to the Zn +2 receptor site located on the extracellular membrane surface and serves to reduce the probability of NMDA channel openings (Guilarte and Miceli, 1992; Ujihara and Albuquerque, 1992; Guilarte et al, 1995) . It is possible that reductions in glutamate-induced current flow through this type of receptor could substantially limit the potential for LTP induction in Pb-exposed animals (see Fig. 3 ).
Pb and protein kinase C
An increase in the number or sensitivity of postsynaptic glutamate receptors is one way in which an augmentation in synaptic efficacy can be expressed. Activation of PKC during LTP serves to either expose additional postsynaptic glutamate receptors or alter sensitivity or biophysical properties of existing glutamate receptors (e.g., AMPA or metabotropic receptors depicted in Fig.  3) . Presynaptically, PKC facilitates vesicular release of neurotransmitter to enhance synaptic transmission (Colley and Routtenberg, 1993; Malenka et al., 1989; Massicotte and Baudry, 1991; Suszuki, 1994) .
Under artificial Ca
+2
-free conditions, Pb has been reported to activate PKC directly, with a higher affinity for the enzyme than Ca +2 (Long et al, 1994; Markovac and Goldstein, 1988; Tomsig and Suszkiw, 1995) . Under more physiological ionic conditions, however, PKC is activated to a lesser degree in the presence of low concentrations of Pb (Tomsig and Suszkiw, 1995) . In this manner, disruption of PKC activation by Pb may impact upon transmitter release and the generation and expression of LTP (see Fig. 3 ). Additional study is clearly needed in this aspect of Pb-induced toxicity to evaluate its contribution to LTP and cognitive dysfunction.
Pb and the cholinergic system
Theta rhythm is an intrinsic oscillatory pattern of brain activity that is characteristic of the electroencephalogram recorded from the hippocampus (Bland, 1986) . One of the primary driving forces of theta rhythm is the cholinergic input from the septum. Brain cholinergic neurons are critical for memory function. Pharmacological and le-sion manipulations of the cholinergic system have long been associated with significant memory impairment (Bartus et al., 1985; Olton et al., 1992 ). An important advance in our understanding of how acetylcholine (ACh) may impact memory processes was the finding that the activation of muscarinic cholinergic receptors selectively potentiates responses to NMDA in the hippocampus (Huerta and Lisman, 1993) . During cholinergically-mediated theta oscillations, synapses are in a state of heightened plasticity and can be modified by what would otherwise be ineffective stimulation. This heightened plasticity is sensitive to the timing of incoming stimuli with respect to the oscillatory theta activity. Thus the cholinergic system may modulate memory formation by its control over the requirements for synaptic plasticity.
Septal lesions, fimbria/fornix cuts, selective neurotoxic lesions of choline acetyltransferase (ChAT) containing neurons in the septum all lead to memory deficits and decreases in the frequency and power in the theta band (Bartus et al, 1985; Bland, 1986; Olton et al, 1992) . Cholinergic agonists induce theta rhythm whereas ACh antagonists block its initiation (Vanderwolf, 1975; Bland, 1986) . Recently, Bielarczyke? al. (1994 have demonstrated persistent reductions in ChAT immunoreactivity in the septum and hippocampus and decreases in the binding of a selective muscarinic receptor ligand in the septum of rats developmentally exposed to low concentrations of Pb. The effects of perinatal Pb exposure resembled in several respects those seen following surgical disruption of the septohippocampal pathway in adult animals. A cholinergic denervation-like action of Pb in the hippocampus may disrupt LTP and be an important factor in long-term learning impairments following Pb exposure.
THE BIOLOGY BEHIND A BBDR Many of the cellular actions of Pb that may impact on synaptic transmission and plasticity are summarized in a schematic of the hippocampal presynaptic terminal and postsynaptic spine (Fig. 3) . For example, Pb-induced reductions in presynaptic glutamate release and NMDA receptor-mediated currents could lead to increases in LTP threshold observed in Pb-exposed animals. Pre-and post-synaptic PKC-dependent LTP processes may also contribute to Pb-induced decrements in hippocampal LTP. The qualitative relationship that we have established between Pb's action on transmitter release and LTP provides a crucial link between the many mechanistic investigations of Pb on transmitter release studied in in vitro systems and behavioral deficits associated with chronic Pb exposure. Estimates of blood and brain levels with an in vivo dosing regimen can be used to provide guidance of the relative physiological levels required for in vitro assays and facilitate extrapolation to the in vivo situation. Quantitative estimates at either end of the exposure-dose-response continuum (Fig. 2) will begin to define the relationship between disposition of Pb in the brain and interstitial fluids, disruption of LTP, and the degree of behavioral impairment. Efforts to identify the sequence of molecular and cellular events that follow initial target-toxicant interactions will fill the data gaps that exist between disposition estimates of Pb and functional changes in synaptic plasticity. Parallel studies correlating brain estimates of neuroplasticity in freely moving animals and behavioral performance on tests of cognitive ability will complete the link to the intact organism.
Tasks such as spatial learning that have proven sensitive to hippocampal function may be best suited for correlational studies of behavior and hippocampal LTP. LTP as a memory mechanism occurs in brain areas other than the hippocampus, and certainly different types of learning engage distinct neurobiological substrates. However, LTP and related phenomena {e.g., long-term depression, LTD), have been characterized in different subregions of the hippocampus, neocortex, amygdala and cerebellum, and distinct mechanisms subserve the plasticities in these brain areas (Crepel and Krupa, 1988; Ito, 1989; Teyler et al, 1990; Davis et al., 1993) . Other brain regions have been implicated in the neurotoxicity induced by Pb {e.g., Rice, 1993; Rice and Gilbert, 1990; Cohn et al., 1993; Cory-Slechta, 1995) , and a failure of plasticity within any given brain region is likely to produce a unique pattern of behavioral disruption. To the extent that neuroplastic mechanisms support learning and memory as measured by standard IQ tests, intellectual deficiency in Pb-exposed children may reflect in part, the summed failure of plasticity mechanisms throughout the brain. Studies attempting to map electrophysiological onto behavioral indices of cognitive function should choose the most appropriate behavioral task to best coincide with the functionality of the brain area under study.
SUMMARY
The goal of BBDR modeling is a mechanistic description in mathematical form of the sequence of causal events which intervene between administered dose and adverse outcome. The first step in developing a quantitative model for neurotoxicity is an understanding of the biological substrates underlying a given neurotoxic response. It is at this early point in the process that nervous system toxicity may present a greater challenge than other organ systems due to the complexity of brain structure and our limited understanding of the neurobiological substrates of behavior. Through the study of Pb and the LTP model of synaptic plasticity we can begin to assess the feasibility of adapting a BBDR model approach in neurotoxicology. The development of a neurobiological schema not only provides a context within which to interpret the significance of existing toxicological data on Pb, but further aids in identification of the critical gaps in our experimental knowledge. Resolution of these data gaps may be necessary in order to construct and certainly to refine a quantitative model. The degree to which a BBDR can be developed for Pb will provide a gauge against which to judge the feasibility of the BBDR approach in the toxicological analysis of higher brain function. Finally, quantitative estimates of LTP alterations associated with reductions in cognitive function may reveal the utility of the LTP model system in the identification of chemicals of unknown toxic potential as cognitive disruptors.
